Animal studies, mostly performed in rodents, show the beneficial anti-obesity effects of cold studies. This is due to thermogenic activation of brown adipose tissue (BAT), a tissue also recently discovered in adult humans. Studies in humans, however, are hampered by the accessibility of most tissues. In contrast, peripheral blood mononuclear cells (PBMC) are accessible and share the expression profile of different sets of genes with other tissues, including those that reflect metabolic responses. Ferrets are an animal model physiologically closer to humans than rodents. Here, we investigated the effects on ferrets of one-week acclimation to 4 °C by analysing the PBMC transcriptome. Cold exposure deeply affected PBMC gene expression, producing a widespread down-regulation of genes involved in different biological pathways (cell cycle, gene expression regulation/protein synthesis, immune response, signal transduction, and genes related to extracellular matrix/cytoskeleton), while thermogenic and glycogenolysis-related processes were increased. Results obtained in PBMC reflected those of adipose tissue, but hardly those of the liver. Our study, using ferret as a model, reinforce PBMC usefulness as sentinel biological material for cold-exposure studies in order to deepen our understanding of the general and specific pathways affected by cold acclimation. This is relevant for future development of therapies to be used clinically.
respond to internal and external signals reflecting gene expression patterns of several tissues (reviewed by 10, 12 ). So, in addition to revealing the thermogenic adaptations to cold exposure, PBMC reflect gene expression changes in response to nutritional and pharmacological interventions, and are increasingly used in nutrigenomic and clinical research as sentinel biological material to study metabolic responses of other internal tissues that are difficult to obtain 10 . In this sense, we have demonstrated, in rats and ferrets, that PBMC can even be useful to study hypothalamic responses to cold exposure 13 . Ferrets (Mustela putorius furo) are an alternative animal model to rodents that are closer to humans in various aspects, including adipose tissue organisation and thermogenic and immune response to cold exposure [14] [15] [16] [17] . Recently, we showed in ferrets that an immunosuppressive gene expression pattern was specifically induced by cold acclimation in perivascular adipose tissue but not in inguinal adipose tissue 18 . A limited set of inflammation markers was also analysed in PBMC and reflected the perivascular adipose tissue response 18 . Given the deleterious impact of inflammation on vascular biology, this could be indicative of a cardiovascular protective effect 18 . PBMC, given their particular characteristics, constitute an ideal surrogate tissue to study the global biological and molecular responses to cold exposure in mammals. Taking into consideration that PBMC are immune cells, and since inflammation is the basis of several metabolic diseases -such as obesity or cardiovascular disease 19 detailed analysis of PBMC gene expression analysis could serve to better understand immune modulation by cold. Therefore, here we performed a global transcriptome gene expression study (microarray analysis) of PBMC in control and cold-exposed ferrets to characterise the effect of cold exposure on metabolism. The most outstanding gene expression patterns were reflected in a homeostatic tissue with a key role in cold response -adipose tissue -but hardly in the liver.
Results
Body weight, adiposity, and serum parameters. Data of body weight, adiposity, and circulating NEFA levels of the same set of animals have previously been published 18 . Briefly, cold exposure induced a reduction in fat mass, with a significant decreased size of both subcutaneous (inguinal and interscapular) and visceral (retroperitoneal) adipose tissue depots in cold-exposed animals. Despite the lower fat mass, final body weight was not affected, although animals in the cold group had a lower body weight increase (−16%) in comparison to controls during the week in which they were exposed to cold. As expected, and in agreement with the mobilisation of fat depots, circulating NEFA levels were increased by 35% in the cold group. Circulating glucose levels were not affected by cold acclimation (187 ± 21 mg/dL for cold vs 127 ± 17 mg/dL for control groups; p = 0.06 by Students' t-test).
PBMC transcriptomic analysis.
In order to gain a global, comprehensive overview of the impact of cold exposure on global gene expression, we developed a ferret microarray consisting of 45,328 sequences, encoding a total of 19,299 unique genes. We then performed a global gene expression analysis of PBMC of ferrets acclimatised to 4 °C (cold) or 22 °C (control) for one week. Our results show that PBMC gene expression was affected by cold exposure with a total of 611 genes changing their expression in cold vs control animals (considering a p-value < 0.01), 61% of which were down-regulated. A volcano plot of these genes is shown in Fig. 1 , and the heatmap in Supplementary Fig. 1 .
For interpretation, a bioinformatics network analysis was performed ( Fig. 2A) , which identified immune response as being highly differentially expressed. Within the top10 networks, five were immune related, with three additional ones being related to blood vessel morphogenesis/angiogenesis/signalling. For a more specific view, the 611 top regulated genes were manually classified in biological processes, using scientific literature and databases. Each individual gene was included in one process only. This classification resulted in 11 processes: gene expression, cell cycle and immune response, extracellular matrix or cytoskeleton, signal transduction, cell transport, energy metabolism, enzymes/metabolism, DNA repair, organ and tissue development and protein Volcano plot of unique genes expressed in PBMC plotted as 2 log fold change of cold over control exposed ferrets versus the P-value. Non-significant genes are shown in black, significant genes (p < 0.01; Top 50 shown in Table 2 ) in red. Gene symbols are shown for a subset of significant genes on the perimeter. www.nature.com/scientificreports www.nature.com/scientificreports/ synthesis (Fig. 2B ). The other categories were unknown genes (n = 15), genes with an unknown function (n = 42), and genes involved in several different processes (n = 79).
For a more detailed analysis, the three most regulated processes were sub-classified into different sub-processes (Table 1) . Genes involved in gene expression were sub-classified into transcription factors, RNA maturation, DNA structure, epigenetic regulation, co-activators and co-repressors, post-transcriptional regulators, interfering RNA (siRNA, miRNA), RNA degradation, and others, with transcription factors as the most abundant sub-classification; all of which were mainly down-regulated by cold exposure. Regarding cell cycle and fate, cold exposure especially regulated genes involved in cell proliferation, cell cycle regulation, apoptosis, and cell differentiation and determination; these genes were mainly down-regulated, especially those involved in cell proliferation. Finally, the third most regulated pathway involved immune response-related genes, which were sub-classified into immune system maturation and activation, antigen recognition and presentation, antigen degradation, cytokine signalling, and others: 28 of these genes were down-regulated, while 39 were up-regulated (Table 1 and heatmap shown in Supplementary Fig. 2 ). The top 50 regulated genes affected by cold exposure based on their p-value are listed in Table 2 , and the associated heatmap is shown in Supplementary Fig. 3 . Coincident with results of the general pathway analysis shown in Fig. 2 , most of the top regulated genes were involved in gene expression, mainly for transcription factors, which were down-regulated. The regulated genes involved in energy metabolism were also studied in more detail and sub-classified according to their function in carbohydrate metabolism, lipid metabolism, energy balance regulation, respiratory chain and mitochondrial ATPase system, thermogenesis and others ( Table 3 ). The relevance and implications of all the changes observed in the transcriptome analysis are described in detail in the Discussion section.
Array confirmation by real-time RT-qPCR.
In order to validate the microarray analysis, mRNA levels of five genes representative of the most regulated pathways (p-value < 0.01) (shown in Fig. 3a ) were measured by real-time RT-qPCR in PBMC samples. As represented in Fig. 3b , the expression of a key regulator of protein synthesis, Eif2b3, and of the transcriptional co-activator, Med28, decreased in cold-exposed animals, as well as the expression of two energy metabolism key regulators, Pdk1 and Sirt1; and the expression of Pias1, involved in lipogenesis, which was also decreased by cold exposure. These genes followed the same regulatory pattern as revealed in the microarray analysis ( Fig. 3a) .
Our group has repeatedly demonstrated that PBMC gene expression reflects the regulatory patterns observed in internal organs/tissues 20, 21 . To see whether, in this case, our results were truly a reflection of the effect of cold exposure on relevant tissues, the expression of four relevant genes affected in the microarray analysis were analysed, in retroperitoneal white adipose tissue and in the liver. The genes selected were: Eif2b3, Med28, Pias1, and Sirt1. As observed in PBMC, we found decreased expression of the four genes analysed in the retroperitoneal white adipose tissue of cold-exposed animals ( Fig. 4a ), being significant for Eif2b3 and showing a statistical trend (p < 0.1)
Classification

Sub-classification
Number of genes
Up-regulated Down-regulated
Gene expression
Transcription factor 13 53 RNA maturation 2 10 DNA structure 2 9
Epigenetic regulation 0 6
Coactivator 0 5
Post-transcriptional regulation 0 5
Corepressor 0 4
Interfering RNA (siRNA, miRNA) 0 2
RNA degradation 1 0 Others 2 7
Cell cycle
Cell proliferation 8 21 Cell cycle regulation 9 16
Apoptosis 3 6
Cell differentiation 3 6
Cell determination 1 2
Immune response
Immune system maturation/activation 26 17 Antigen recognition/presentation 5 5
Antigen degradation 3 2
Cytokine signalling 2 1
Others 3 3 www.nature.com/scientificreports www.nature.com/scientificreports/ for the other three: Med28, Pias1 and Sirt1 (Mann-Whitney U test). In liver, only a trend towards decreased expression in the cold group of the key energy metabolism regulator Sirt1 was observed ( Fig. 4b ).
Discussion
As far as we know this is the first study characterising the effect of cold on global gene expression in PBMC and how this is reflected in other tissues in ferrets. To date, most of the published data of cold effects on mammalian systems have emerged from studies aimed at specific processes, such as adaptive thermogenesis, mainly using rodents as animal model 11, [22] [23] [24] [25] . On the other hand, general cellular processes affected by cold exposure in mammals have been mainly evaluated in cell cultures or in hibernating mammals and mostly show a severe reduction in non-essential cellular processes to minimise catabolic pathways that utilise ATP 26, 27 .
A global gene expression analysis was performed in PBMC from control and cold-exposed ferrets. Ferrets are an animal model closer to humans than the widely used rodents in several aspects, such as adipose tissue organisation and function, and immune response 14, 15, 28, 29 . PBMC constitute an interesting tool to analyse the effects of cold on overall metabolism, as this cell fraction is known to express up to 80% of the human genome, mimicking gene expression response of internal organs in response to different stimuli 30 . In the present study, we show that gene expression analysis in PBMC is an interesting option to analyse the general effects of cold exposure on metabolism.
Gene Name Gene Symbol Sequence ID Fold Change p-value
Protein O-linked mannose N-acetylglucosaminyltransferase 2 (beta 1,4-) Pomgnt2 XM_004754292. www.nature.com/scientificreports www.nature.com/scientificreports/ One-week 4 °C cold exposure had a severe impact on the PBMC transcriptome, especially affecting the expression of genes involved in gene expression regulation. Gene expression was, in fact, the most affected process, with 121 genes differentially expressed in cold vs control-exposed animals, most of which (101) were down-regulated. Previously, in different types of mammalian cells, inhibition of transcription and translation, inhibition of RNA degradation, and alternative splicing of pre-mRNA have been described as mechanisms explaining effects of cold exposure on gene expression 6 . Accordingly, our data reveal a clear inhibition of transcription factors, especially zinc finger proteins (e.g. Zbed5, Zcchc11, Znf770, Zmym5, Zscan30, and Znf235), as well as a down-regulation of genes involved in alternative splicing (such as Ccdc12, Rbfox2, Rsrc1, and Syncrip) and post-splicing regulators (Upf3a and Upf3b), which are essential for RNA maturation and post-transcriptional regulation. Moreover, our results show other affected genes related to gene expression regulation, among others, epigenetic regulators, interfering RNAs and coactivators (such as Med28 and Phf17) and corepressors (such as Bcor and Nab1), which were mainly down-regulated and could contribute to the general gene expression inhibition observed in PBMC of cold-exposed ferrets.
The second most regulated process was the cell cycle, especially with genes involved in proliferation and cell-cycle regulation being down-regulated. Down-regulation of cell cycle as a consequence of cold exposure has been described for mammalian cultured cells and hibernating mammals 6, 18, 31 . Cold exposure was also observed to inhibit the expression of pro-apoptosis related genes (such as Rnf122) and increase the expression of anti-apoptosis genes (such as Arl6ip6 and Bcl2l15) in ferret PBMC. This is in concordance with previous results revealing increased expression of the anti-apoptotic protein BCL2 in neurons from cold-exposed rats 32 . This is of interest, as our group has previously described that PBMC can also mimic changes in gene expression occurring in brain as a result of different nutritional stimuli 21, 33 . Cold exposure has also been reported to induce ribosomal disaggregation in studies performed in brain and kidney of ground squirrel (Spermophilus tridecemlineatus) 34, 35 , by inhibiting protein synthesis. In this sense, our results reveal transcriptional inhibition by cold exposure of genes related to ribosomal biogenesis, e.g. Nsun4, and mitochondrial ribosomal translation, e.g. Mrps31 and Mrps9, suggesting ribosomal disaggregation related to protein synthesis inhibition in PBMC of ferrets as occurs in in vitro studies and in hibernating mammal models. Moreover, decreased expression in PBMC of genes coding for translation initiation factors, such as Eif2b3 and Mtif3 was also observed. Cold exposure thus mainly inhibits key effectors of gene expression and cell cycle progression, as well as protein synthesis, as has been observed for other tissues, suggesting this as a general response to cold and enforcing the potential sentinel function of PBMC. PBMC are composed of lymphocytes and monocytes and, thus, play a key role in immune function. Cold exposure is known to exert a regulatory role on inflammation 4 and, accordingly, immune response turned out to be the third most highly altered process (Fig. 2B) indicative of a modulatory effect of cold exposure on the expression of immune-related genes in PBMC, which is supported by our Metacore analysis ( Fig. 2A) . The relationship between cold exposure and immune response is somewhat controversial, a) Selected microarray data b) Confirmation of selected microarray data by RT q-PCR www.nature.com/scientificreports www.nature.com/scientificreports/ with some authors revealing that a cold stimulus induces minimal or no immunological alterations in humans 36, 37 , while others show immunosuppressive effects [38] [39] [40] [41] [42] . Since PBMC are cells of the immune system, our global gene expression analysis contributes to the knowledge of the effect of cold exposure on immunity. Further, by using ferret as the animal model, we have recently shown a specific down-regulatory effect of cold exposure on perivascular adipose tissue, which is reflected in PBMC 18 . This is of interest as inflammation in this adipose depot has been related to cardiovascular complications 43, 44 . In the present study, 67 a) Retroperitoneal adipose tissue b) Liver www.nature.com/scientificreports www.nature.com/scientificreports/ genes with a role in immune response were affected by cold exposure (p < 0.01, Students' t-test); 28 of these were down-regulated and 39 up-regulated. Affected genes were involved mainly in immune system maturation/activation, but genes involved in antigen recognition and presentation, antigen degradation, and cytokine signalling were also affected. A more detailed classification of the up-regulated genes shows that they include genes coding for proteins with an inhibitory role in the immune response. For example, one of the top up-regulated genes was Siglec8, which codes for a transmembrane cell surface protein whose expression on leukocytes has an immune-inhibitory role 45 . Therefore, global gene expression data are indicative of a general immunosuppression effect observed at PBMC level. This is relevant, as an exacerbated immune response has been related to multiple pathologies 46, 47 ; thus, our results hint at a potential for clinical therapies based on the molecular effects induced by cold exposure. These results reinforce expression analysis in ferret PBMC as an option to test potential immunosuppressive effects of pharmacological therapies. One limitation of our study is that we did not measure serum cytokines, as there is a lack of ferret specific antibodies and reagents to detect these circulating inflammatory mediators.
Finally, another relevant process affected by cold exposure was energy metabolism, with 26 genes differentially expressed in PBMC of control and cold-exposed animals (p < 0.01, Students' t-test). Among the affected genes, we found two master regulators of energy balance, Pdk1 and Sirt1, which were down-regulated by cold exposure in ferret PBMC. Pdk1 encodes a master kinase with a key role in energy homeostasis in liver 48 . Particularly, PDK phosphorylates and thereby inhibits pyruvate dehydrogenase complex activity, which is responsible for pyruvate conversion into acetyl-CoA, which can then enter the tricarboxylic acid (TCA) cycle for ATP synthesis, or be used for fatty acid synthesis 49 . The pyruvate dehydrogenase complex is active in most tissues in the fed state, and suppressing its activity by PDK is crucial to maintaining energy homeostasis under extreme nutritional conditions in mammals 49 . Thus, tentatively, PDK1 inhibition in PBMC by cold exposure could be indicative of increased pyruvate dehydrogenase activity. This would increase acetyl-CoA flux directed towards the TCA cycle -which can potentially feed electron transport complexes in order to sustain increased metabolic fluxes -and not towards fatty acid synthesis, coincident with the decreased expression observed of lipogenic genes (e.g. Lpin1 and Pias1). This gene expression regulation observed in PBMC for lipogenic genes probably reflects decreased lipogenic capacity in key homeostatic tissues in response to cold exposure. This is in line with increased circulating NEFA levels in cold-exposed ferrets, indicative of fat mobilisation. However, we also observed decreased expression of some genes related to fatty acid catabolism, i.e. Azgp1 and Ehhadh in PBMC after cold exposure. This effect could be related to lower Sirt1 expression, as has also been described by other authors in brown and white adipose tissue depots of rodents exposed to 4 °C 50 . Sirt1 mRNA codes for a NAD + -dependent deacetylase enzyme that regulates several metabolic processes, e.g. promoting fat mobilisation and reducing lipid synthesis in white adipose tissue 51 . Indeed, the decreased expression of Sirt1 and Pias2 in PBMC of ferrets reflected a similar trend in their retroperitoneal white adipose tissue, supporting their role as a sentinel tissue. One of the well-known effects of cold exposure is the induction of adaptive thermogenesis, consisting of heat production in brown adipose tissue to maintain body temperature at the expenses of lipid mobilisation 2,3 . Moreover, cold exposure also induces the appearance of brown-like adipocytes in white adipose tissue depots, the so called brite or beige adipocytes, in a process known as browning 52 . We have previously reported, using rodents, that PBMC do not express the gene coding for the protein responsible of brown adipose tissue thermogenesis, UCP1, but they do express other markers indicative of adaptive thermogenesis and white adipose tissue browning 53 . Interestingly, in the present study, cold exposure in ferrets induced the expression of Pm20d1 in PBMC. This gene codes for a peptidase, which produces N-acyl amino acids that directly increase mitochondrial uncoupling, even in cells lacking UCP1 25, 54 . This result is in line with metabolic adaptations to cold exposure and, to our knowledge, this is the first report suggesting that UCP1-independent thermogenesis is potentially being reflected in PBMC.
In conclusion, we provide first evidence of the usefulness of PBMC as easily obtainable material to obtain gene expression biomarkers to analyse the effect of cold exposure on overall metabolism. Our whole genome microarray reveals that cold exposure affects the ferret PBMC transcriptome which, at least to some extent, reflects the expected adaptations observed in a key homeostatic tissue, adipose tissue, in our own animal model, as well as adaptations described in other animal models or in cell cultures. That is, a widespread down-regulation of genes involved in gene expression, cell cycle, signal transduction and protein synthesis; moreover, key energy metabolism genes were also affected, reflecting the previously reported response in internal homeostatic tissues. Finally, cold exposure induced an immunosuppressive gene expression pattern in PBMC, which, together with increased energy dissipation, could be of therapeutic interest in terms of obesity and cardiovascular disease protection.
Materials and Methods
Animal procedure. The animal protocol followed in this study was reviewed and approved by the Bioethical Committee of the University of the Balearic Islands and guidelines for the use and care of laboratory animals were followed. Three month-old male ferrets (Mustela Putorius Furo from Cunipic, Lleida, Spain) were distributed into two groups (n = 7): a control group, acclimatised to room temperature (22 ± 2 °C), and a cold group, acclimatised to 4 °C for one week housed individually. All animals were exposed to a light/dark cycle of 12 h and had free access to water and diet (Gonzalo Zaragoza Manresa SL, Alicante, Spain). Animals were weighed before and after cold exposure. At the end of the experimental period, ferrets were anesthetised using 10 mg/kg of ketamine hydrochloride (Imalgène 1000, Merial Laboratorios SA, Lyon, France) and 80 mg/kg medetomidine (Domtor, Orion Pharma, Espoo, Finland). Arterial blood was collected from the left ventricle and animals died by exsanguination. Afterwards, liver and different visceral (aortic perivascular, retroperitoneal, mesenteric, and gonadal) and subcutaneous (interscapular and inguinal) adipose depots were rapidly removed. Adipose depots were weighed to detect changes in adiposity. Blood samples from the left ventricle were collected using heparin Microarray processing and normalisation. We used an Agilent array, designed for our laboratory by the Príncipe Felipe Research Centre consisting of 45,328 sequences, which code for a total of 19,299 unique genes. PBMC RNA samples of ferrets were used for microarray processing (n = 6 vs 4, control and cold groups respectively). One array per sample was performed for each PBMC sample. For the cold group, samples from 4 out of 7 animals were used for the array due to difficulties to obtain PBMC in two of the animals. This did not affect the significance of the results either in the microarray analysis or in the confirmation by reverse transcription quantitative real-time polymerase chain reaction, as cold exposure had a deep and clear impact on the PBMC transcriptome. Microarray labelling and processing (hybridisation, washing, scanning and normalisation) was performed as previously described 18 using a whole genome ferret-specific gene expression microarray designed by us and the Genomics and Translational Genetics Service of the Príncipe Felipe Research Centre (Valencia, Spain). The microarray was designed as a 2 × 400 k G4861A (AMADID-064079) Agilent array (Agilent Technologies, Inc., Santa Clara, CA, USA).
Microarray data analysis.
Statistical differences between the cold-exposed group vs the control group were assessed by Students' t-test in GeneMaths XT 2.12; the generated p-values were used to obtain insight into significantly affected genes. Heatmaps of gene mean-centred expression data were obtained using GeneMaths XT 2.12 with hierarchical clustering based on samples (columns) and genes (rows). Fold change calculations (cold over control) were performed in Microsoft Excel. The most regulated genes (p-value < 0.01) were manually classified and sub-classified for biological information using available databases (Genecards, NCBI, WikiPathways, PubMed), focussing on key biological domains, such as molecular function and biological process. Analysis of process networks with a threshold for significance set at p < 0.01 was performed using Metacore (Thomson Reuters, New York, NY, USA). Gene symbols were used as unique identifier and since the ferret species is missing as input option, human species was selected. Microarray data have been deposited in NCBI Gene Expression Omnibus (GEO) under accession number GSE62352.
Reverse transcription quantitative real-time polymerase chain reaction (RT-qPCR) analysis.
To validate the microarray data analysis, RT-qPCR was used to measure mRNA expression levels in PBMC samples of both control and cold groups. Additionally, selected genes of interest were analysed in retroperitoneal adipose tissue and liver samples of the control (n = 4-7) and cold groups (n = 5-7). The following genes were analysed: (a) in PBMC: Eif2b3, Med28, Pdk1, Pias1, and Sirt1; (b) in retroperitoneal adipose tissue and in liver: Eif2b3, Med28, Pias1, and Sirt1. Using iScript cDNA synthesis kit (BIO-RAD, Madrid, Spain), 50 ng of total RNA from PBMC, retroperitoneal adipose tissue, and liver, was reverse transcribed to cDNA in an Applied Biosystems 2720 Thermal Cycler (Applied Biosystems, Madrid, Spain). Each PCR was performed from 1/5 diluted PBMC cDNA or 1/10 diluted adipose tissue or liver cDNA, forward and reverse primers (5 µM), and Power SYBER Green PCR Master Mix (Applied Biosystems) in a total volume of 11 µl, with the following profile: 10 min at 
